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Abstract

Objective: Letrozole is a non-steroidal aromatase inhibitor (Al) used to treat hormone receptor
positive (HR+) breast cancer. Variability in letrozole efficacy and toxicity may be partially
attributable to variable systemic drug exposure, which may be influenced by germline variants in
the enzymes responsible for letrozole metabolism including Cytochrome P450 2A6 (CYP2A6).
The objective of this genome-wide association study (GWAS) was to identify polymorphisms
associated with steady state letrozole concentrations.

Methods: The Exemestane and Letrozole Pharmacogenetics (ELPh) Study randomized post-
menopausal patients with HR+ non-metastatic breast cancer to letrozole or exemestane treatment.
Germline DNA was collected pre-treatment and blood samples were collected after 1 or 3 months
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of treatment to measure steady-state letrozole (and exemestane) plasma concentrations via
HPLC/MS. Genome-wide genotyping was conducted on the Infinium Global Screening Array
(>650,000 variants) followed by imputation. The association of each germline variant with age-
and body mass index-adjusted letrozole concentrations was tested in self-reported white patients
via linear regression assuming an additive genetic model.

Results: There were 228 patients who met the study specific inclusion criteria and had both
DNA and letrozole concentration data for this GWAS. The association for one genotyped
polymorphism (rs7937) with letrozole concentration surpassed genome-wide significance
(p=5.26x10710), explaining 13% of the variability in untransformed steady-state letrozole
concentrations. Imputation around rs7937 and in silico analyses identified rs56113850, a variant in
the CYP2AG intron that may affect CYP2AG6 expression and activity. rs7937 was associated with
age- and body mass index-adjusted letrozole levels even after adjusting for genotype-predicted
CYP2A6 metabolic phenotype (p=3.86x10719).

Conclusions: Our GWAS findings confirm that steady-state letrozole plasma concentrations are
partially determined by germline polymorphisms that affect CYP2A6 activity, including variants
near rs7937 such as the intronic rs56113850 variant. Further research is needed to confirm whether
rs56113850 directly affects CYP2A6 activity and to integrate non-exonic variants into CYP2A6
phenotypic activity prediction systems.

Keywords
Pharmacogenetic; genome-wide association study (GWAS); letrozole; pharmacokinetics

Introduction

Aromatase inhibitors (Al) are a class of agents commonly used in patients with hormone
receptor positive (HR+) breast cancer[1,2]. Als inhibit the aromatase-mediated conversion of
androgens to estrogens, depleting systemic estrogen concentrations[3] and depriving HR+
tumors of their estrogenic growth factor. Along with their effectiveness, Al cause toxicities
that resemble the effects of estrogenic deprivation during menopause[4]. These toxicities,
notably musculoskeletal (i.e., arthralgias and myalgias) and vasomotor (i.e., hot flashes)
symptoms, necessitate treatment discontinuation in about a quarter of Al-treated patients[5].

Inter-patient differences in Al tolerability and/or estrogenic response may be due, in part, to
differences in circulating Al concentrations during treatment[6,7]. Prior work from our
group, and others, have identified clinical and genetic predictors of circulating Al
concentrations during treatment[8]. Pharmacogenetics analyses of candidate single
nucleotide polymorphisms (SNPs) conducted in the Exemestane and Letrozole
Pharmacogenetics (ELPh) study have found that circulating plasma concentrations of
exemestane and letrozole are affected by inherited SNPs in CYP3A4[9] and CYPZA6[10],
respectively. Still, only a small proportion of the variability in systemic drug concentration is
explained by CYP3A4and CYP2A6 genotype, even after accounting for clinical factors
such as age and body mass index (BMI).
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Genome-wide association studies (GWAS) can confirm pharmacogenetic associations
previously detected in candidate SNP studies or discover novel associations in genes not
previously suspected to be associated with the phenotype[11]. For example, a GWAS of
circulating concentrations of anastrozole, an Al that is chemically and pharmacologically
similar to letrozole, implicated a SNP (rs11648166) located in a previously unsuspected
anastrozole influx transporter (SLC38A7)[12]. The objective of this investigation was to
conduct a GWAS of patients in the ELPh trial to further assess the association between
CYP2A6 and letrozole levels and investigate whether any other genes, including SLC38A7,
contribute to inter-patient variability in letrozole concentrations during treatment.

Materials and Methods

ELPh Patients and Treatment

The Consortium on Breast Cancer Pharmacogenomics (COBRA) conducted the prospective,
open-label, ELPh study[13], which enrolled post-menopausal women with stage I-111 HR+
breast cancer from Indiana University Cancer Center, Sidney Kimmel Comprehensive
Cancer Center at Johns Hopkins University, and the University of Michigan Comprehensive
Cancer Center from August 2005-July 2009. Eligible patients were considering Al therapy
upfront or following tamoxifen after completion of local therapy (i.e., surgery and/or
radiation) and systemic chemotherapy. Patients were stratified by prior bisphosphonate,
tamoxifen, and chemotherapy treatments and randomized 1:1 to receive oral exemestane (25
mg/day) or letrozole (2.5 mg/day) for 2 years. The Institutional Review Boards of each site
approved the protocol and all patients provided written informed consent prior to enroliment.

Circulating Letrozole Concentrations

Circulating letrozole plasma concentrations were measured in samples collected after 3
months of Al treatment, or after 1 month in patients who crossed-over to the alternative
treatment arm, as previously reported[10]. Blood samples were collected in heparinized
tubes approximately two hours after the patient took their daily Al dose to estimate a steady-
state maximum systemic concentration (Cynax)- Letrozole plasma concentration was
measured via high performance liquid chromatography (LC) with fluorescent detection with
LLOQ = 7.0 ng/ml, as previously described[10].

Genome-wide Genotyping and Imputation

Germline DNA was isolated using the QlAamp DNA Blood Maxi Kit-Spin (Qiagen,
Valencia, CA) from a whole blood sample collected at enrollment[10]. Germline DNA was
sent to the University of Michigan Advanced Genomics Biomedical Research Core for
genome-wide genotyping on the Infinium Global Screening Array, which contains more than
650,000 variants, including a genome-wide backbone (>530,000 variants) and curated
clinical variants, most notably pharmacogenomic candidate SNPs. Given the small number
of non-white patients enrolled in the ELPh trial, only self-reported white patients were
included in this GWAS. Genotype quality control was conducted to eliminate variants with
low call rates (<95%), monomorphic variants, and variants for which the observed genotype
distribution departed from Hardy Weinberg Equilibrium (p<10~%). Sample call rates ranged
from 98.24 to 99.95%. More than 16 million variants were also imputed from the Haplotype
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Reference Consortium (HRC) panel (r1.1.2016) using the Michigan Imputation Server.[14]
Imputation was performed using the European reference panel (1000G Phase3 EUR) and
genome build GRCh37/hg19. Pre-phasing and imputation were done using SHAPEIT and
Eagle (v2.4), and variants with an R-square less than 0.20 were excluded.

Statistical Methods

The endpoint used for this GWA analysis was the first measured letrozole concentration,
which was square-root transformed prior to analysis to improve data normality. Letrozole
concentrations below the LLOQ (3 of 228 patients or 1.3%) were replaced with the LLOQ
value (7.0 ng/mL). Each genotyped or imputed SNP was independently tested for
association with letrozole concentration based on a genome-wide significance level of
5x1078. All associations were analyzed under an additive genetic model using genotyped or
imputed allelic dosages in PLINK 1.9 or 2.0[15], respectively. Associations were adjusted
for BMI and age due to their previously reported effects on letrozole concentrations[10].
Additional GWA analyses were carried out after conditioning on the only significantly
associated genotyped polymorphism in the primary GWA analysis (rs7937) to identify other
genomic regions associated with letrozole concentrations. As previously described[10],
patients were classified as normal, intermediate, and slow metabolizers based on known
CYP2A6 genotypes, and the primary GWA analysis of age- and BMI-adjusted letrozole
levels was repeated after adjusting for CYP2A6 metabolizer phenotype. dbSNP and
LDIink[16] were used to annotate variants and examine patterns of linkage disequilibrium in
genomic regions of interest. Genotyped and imputed variants were further investigated using
publicly available /n silicotools. The Genotype-Tissue Expression (GTEX) project provides
access to a database of studies relating genetic variants with measured gene expression
within various tissue types.[17] RegulomeDBJ[18] scores genetic variants from 0.0 to 1.0
with higher scores indicating increased likelihood to be a regulatory variant.[19] Unless
specified otherwise, all other analyses were carried out using a combination of in-house R
programs and shell scripts.

Results

ELPh Patients and Letrozole Concentrations

Of the 503 patients enrolled on the ELPh study, 228 self-reported white patients randomized
or cross-over to the letrozole arm had measured letrozole and genome-wide genetic data
(Figure 1). Demographic and clinical data including letrozole concentrations from these
patients are reported in Table 1 [10]. The median letrozole plasma concentration was 88
ng/mL (interquartile range of 46 ng/mL).

GWAS Results

In our sample of 228 patients, one genotyped variant (rs7937) was significantly associated
with letrozole concentration before (p=1.61x1079) and after adjustment for age and BMI
(reference/effect alleles: T/C, beta-coefficient (B)= 1.19, standard error (SE)=0.18,
p=5.26x10719). Median (interquartile range) letrozole concentration in patients with
genotypes CC, CT, and TT were 107.9 (48.5), 90.5 (46.4), and 73.2 (33.4) ng/ml,
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respectively (Figure 2). This variant explained approximately 13% of the inter-individual
variability in unadjusted letrozole plasma concentrations.

A list of all genotyped or imputed variants with p<1x10~® can be found in Supplementary
Table 1 (Figure 3). Ten imputed variants in the chromosome 19 genomic region surrounding
rs7937 exceeded genome-wide significance (p<5x10~8) with age and BMI adjusted letrozole
concentration (Table 2, Figure 4). All eleven variants, which were within 81 kb of each
other, were well imputed (average imputation R-square of 0.885 to 0.999) and correlated
with each other (linkage disequilibrium R2 of 0.151 to 0.995). The most strongly associated
imputed SNP was rs56113850 (reference/effect alleles: C/T, p=1.45, SE=0.19,
p=2.46x10"13, purple diamond in Figure 4) an intronic variant in moderate linkage (r?=0.21)
with rs7937.

None of these variants have obvious effects on CYP2A6 protein sequence, such as non-
synonymous changes or introduction of a stop codon, nor are they correlated with known
exonic functional CYP2A6 SNPs. This suggests they may directly or indirectly affect the
regulation or expression of CYP2A6. The genotyped variant, rs7937, is not associated with
CYP2AG6 expression in GTEx and has the lowest possible score (0.00, Table 2) for likelihood
to be a regulatory variant in RegulomeDB. The imputed variant with the strongest
association with letrozole concentration, rs56113850, has one of the highest RegulomeDB
scores (0.60906) and is associated with CYP2A6 expression in multiple tissues including
liver in GTEx (p=2.5x107%, Table 2). The imputed variant with the highest RegulomeDB
score was rs12461383 (0.70496), which was also associated with CYP2A6 expression in
liver tissue (p=2.3x107°) in GTEX.

Adjusting for CYP2A6-predicted metabolizer group (normal, intermediate, and slow), the
association with age- and BMI-adjusted letrozole concentrations was nominally improved
for rs7937 (p=3.86x10719) and slightly reduced below genome-wide significance for
rs56113850 (p=2.34x10~7). No new genome-wide significant signals emerged after
conditioning on rs7937 or rs56113850 genotype. Finally, a variant previously implicated in
anastrozole concentrations near the SLC83A7 gene (rs11648166), [12] which was not
genotyped but was well imputed (average imputation R-square 0.974), was not associated
with letrozole concentration (p=0.34).

Discussion

Variability in systemic letrozole concentrations during treatment can be partially explained
by inherited variation in genes relevant to the metabolism and transport of letrozole,
including CYPZA6. Using a genome-wide approach, we confirmed that the CYP2A6 region
is the primary genetic determinant of letrozole concentrations in post-menopausal patients
with HR+ breast cancer. Interestingly, our top hits are in non-exonic variants that are not
typically included in CYP2A6 metabolic activity prediction[20] and may be associated with
CYP2AG expression and activity. We did not identify any additional genes that affect
letrozole concentrations.
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Our GWA results confirm findings from our prior candidate-gene study in the ELPh cohort,
in which we reported that CYP2A6 genetics was a critical determinant of letrozole
concentrations[10]. In that study, we genotyped known functional variants in CYP2A6to
predict each patient’s metabolic phenotype, which explained approximately 20% of the
variability in letrozole plasma concentrations. The non-exonic variants identified in the
current GWAS, including rs7937 and rs56113850, explained approximately 15% of the
overall variability in transformed and unadjusted letrozole concentrations. A combined
model including CYP2A6 metabolic phenotype and either of our non-exonic variants
explained nearly 40% of the variability in transformed letrozole concentrations, suggesting
that the association of our non-exonic variants are completely independent of the variants
included in our CYP2A6 metabolic phenotype prediction.

SNP rs7937, which is located on chromosome 19 approximately 50kb downstream of
CYP2AG6, has previously been identified in GWAS of CYP2AG6-related phenotypes,
including nicotine metabolism[21], and downstream clinical phenotypes, including chronic
obstructive pulmonary disease[22] and lung cancer[21]. Functional studies indicate that this
SNP affects methylation and expression of several genes in this region, such as EGLNZ, but
not CYP2A6[23], consistent with our in silico analysis of GTEXx. Our search for additional
variants within and around CYP2AG6 identified several imputed SNPs with similar or
stronger apparent associations. The imputed variant with the strongest association,
rs56113850, is an intronic variant that has also been identified in several GWAS of smoking
and nicotine metabolism[24-28] and is associated with CYP2A6 gene expression in GTEX.
Tanner et al. reported that the C allele is part of a haplotype with higher CYP2A6 protein
expression and nicotine metabolic activity, indicating lower CYP2AG6 expression and activity
for the T allele.[25] Consistent with the results of Tanner et al., our study indicates lower
metabolic activity for the T allele, as indicated by higher letrozole concentrations (f=1.45).
Another imputed variant of potential interest is rs12461383, which has also been identified
in GWAS of smoking-related phenotypes.[29] This variant is located approximately 10 KB
upstream of CYP2A6 in a region that has regulatory consequence in CHiP seq and DNase
seq data within RegulomeDB, and was also associated with CYP2A6 gene expression in
GTEX.[17,19] While our in silico analysis suggests rs56113850 may affect CYP2A6 activity
and be responsible for these genetic associations, further functional studies are needed to
confirm the functional variant.

Our findings indicate that any strategy to dose letrozole based on CYPZA6 genotype should
include these non-exonic variants in combination with variants typically considered in
CYP2A6 metabolic activity phenotype prediction[20]. However, steady-state concentrations
of letrozole, or any other Al, are not confirmed to have clinically relevant effects on
treatment outcomes[6,8]. Prior work in the ELPh cohort was unable to demonstrate that
patients with low Al concentrations had inferior estrogenic response[30] or that patients with
high Al concentrations had worse toxicity during treatment[7]. Thus, there is currently no
evidence that letrozole pharmacokinetics affects treatment outcomes and no rationale for
testing CYP2A6 genotype or activity to inform letrozole dosing. If future analyses of large
patient cohorts reveal that letrozole concentrations have a meaningful effect on treatment
efficacy and/or toxicity, CYP2A6-guided dosing may be a useful strategy for personalized
letrozole dosing to improve therapeutic outcomes in patients with HR+ breast cancer.
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The strengths of this study included the use of a large cohort of prospectively accrued
patients with standardized sample collection and analysis of letrozole plasma concentrations.
Additionally, our use of an unbiased genome-wide approach and rigorous statistical
adjustment confirm that variation in the CYP2A6 region is the primary genetic driver of
letrozole concentrations. However, our analysis has some limitations. Although this cohort is
large for a pharmacokinetic study, it is relatively small compared to other GWAS, which
results in a loss of power to detect genetic factors with smaller effect sizes. Additionally, our
GWAS analyses was largely limited to common genetic variants (minor allele frequencies of
at least 1%) that were genotyped or reliably imputed. Thus, we did not evaluate the role of
rare variants in circulating letrozole concentrations. Additionally, the dosing and time of
sample collection were not mandated by the protocol, so there is likely to be some
pharmacokinetic variability caused by noncompliance with letrozole treatment or the
recommended two-hour window between dosing and sample collection. Finally, we were not
able to obtain an independent cohort of patients with measured letrozole concentrations to
attempt validation of this pharmacogenetic association or conduct functional studies to
determine which variant affects CYP2A6 expression or activity.

In conclusion, this GWAS confirms that the primary genetic driver of steady-state letrozole
concentration in patients with HR+ breast cancer is in the CYP2A6 region and suggests that
non-exonic variants including rs56113850 may be markers for CYP2A6 expression and
activity. These variants should be considered for inclusion in systems that translate CYP2A6
genetics to metabolic activity phenotype.[20] If future studies demonstrate that circulating
letrozole concentrations affect efficacy or toxicity of treatment, CYP2A6 genetics may be
useful to individualize letrozole dosing to improve clinical outcomes in patients with HR+
breast cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:

CONSORT Diagram lIllustrating Patient Matriculation from the ELPh study to this GWAS

Pharmacogenet Genomics. Author manuscript; available in PMC 2022 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hertz et al.

Letrozole concentration (ng/ml)
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Figure2:

Letrozole concentrations stratified by rs7937 genotype. Letrozole concentrations were
higher in carriers of the rs7937 effect (C) allele (additive p=6.79x10719). Median (n, +
interquartile range) letrozole concentration in patients with genotypes CC, CT, and TT were
107.9 (n=48, + 48.5), 90.5 (=118, + 46.4), and 73.2 (n=, 62 £33.4) ng/ml, respectively.
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Figure 3.
Association between letrozole concentrations and variants that were genotyped or imputed.

The association for one genotyped single nucleotide polymorphisms (SNP), rs7937, with
steady-state letrozole concentrations (P=1.61x1079) surpassed the genome-wide
significance threshold of 5x1078 indicated by the horizontal line. Including the imputed
variants, 15 SNPs surpassed genome-wide significance, including 11 in the genomic region
around rs7937.
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Figure 4

Locus zoom plot around the most strongly associated variant, rs56113850, p=2.46x10713,
purple diamond). The only SNP genotyped in this region, rs7937, is indicated with the
bolded circle.
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Characteristics of breast cancer patients included in this analysis (n=228)

Trait N (%) or
Median (IQRY)
Age at enrollment (years) 59.5 (33)
Body mass index (kg/m?) 28.5(9.1)
Letrozole level (ng/ml) 87.7 (45.8)
Letrozole measured at 3 months 205 (90%)

Prior chemotherapy treatment

108 (47%)

IQR: Interquartile range.
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